The introduction in the refractive surgery field of femtosecond lasers (FSLs) [1] increased safety in the flap-creation process [2, 3] and improved predictability [4] ; it also allowed the application of the technology as a corneal surgical tool: corneal incisions, wedge resections, tunnel creation [5] [6] [7] [8] , penetrating and anterior lamellar keratoplasties, among other applications, are commonly found reports all over the literature [9] [10] [11] , and even the refractive resection of intrastromal lamellae obtained with the FSL, [12] stating the extreme importance of this technology for the most anterior part of the eye.
Introduction
The introduction in the refractive surgery field of femtosecond lasers (FSLs) [1] increased safety in the flap-creation process [2, 3] and improved predictability [4] ; it also allowed the application of the technology as a corneal surgical tool: corneal incisions, wedge resections, tunnel creation [5] [6] [7] [8] , penetrating and anterior lamellar keratoplasties, among other applications, are commonly found reports all over the literature [9] [10] [11] , and even the refractive resection of intrastromal lamellae obtained with the FSL, [12] stating the extreme importance of this technology for the most anterior part of the eye.
A new and very important application for the FSL is the lens; research in animal models [13, 14] that showed efficacy and safety, and lately in human patients [15 ] , has shown the efficiency of the technology to obtain precise capsulotomies, with the desired size as centred as the surgeon wants, allowing the photoablation of the nucleus, fragmenting it in a variety of different patterns that allows, or will allow ideally, the aspiration of the nucleus and cortex material without using phaco energy, or at least reducing it to very small periods. If such a procedure is at hand, cataract procedures will become faster and safer and certain issues such as premium intraocular lenses (IOLs) will be subject to achieve better results because less variables will affect them.
Experimental models and in-vitro studies
In order to be able to understand the potential use of FSL on the capsule and the nucleus, several studies were done, especially in animal models and human cadaver eyes, because there is much more potential for the laser in the human lens than just the capsule and the nucleus; some knowledge comes also from research trying to restore accommodation, working upon the nucleus. Teuma et al. [13] showed with finite element analysis (FEA) not only that the laser could be placed at different depths, with different shapes, but also changing the elasticity of the nucleus. In terms of safety, a very important point was the possibility of posterior capsule rupture induced by a sudden creation of plasma inside the
Purpose of review
To look at the recent applications of femtosecond laser (FSL) technology for capsulotomy and nuclear fragmentation in cataract surgery, the potential advantages, such as more precise and adjustable capsulotomies and the use of less phaco energy with this technology.
Recent findings
The FSL can create incisions or spaces of different shapes, at a desired depth. This has started the application of the technology in the lens: after a clear image is taken of the lens through a previously dilated pupil, circular capsulotomy is done, with precision in shape and diameter, and in most cases, just needs to be grabbed, or requires very small use of the with the forceps. Then photofragmentation of the nucleus is done, without the risk of damaging the posterior capsule, because it is well visualized, to achieve the aspiration of the nuclear material without applying phaco energy, in the soft or mediumhard nucleus, but eventually in almost all nucleus. Summary FSL is now used at the level of the lens, with the potentiality for very precise circular and adjustable diameter capsulotomies, and the fragmentation of the nuclear material, allowing the aspiration of the material and less emulsification especially in soft nucleus. lens capsule; Agrahari et al. [14] using FEA working in rabbit and human cadaver eyes showed that the posterior capsule is the first to rupture during intense inflation, but the more resistant posterior capsule in the human eye can tolerate a moderately intense laser photodisruption. Nagy et al. [15 ] tested the precision of the attempted capsulotomy created using the FSL, against the achieved continuous circular capsulorrhexis (CCC) done by an experienced surgeon, in porcine eyes. The attempted diameter in all cases was 5 mm, whereas that obtained with the laser capsulotomy was 5.02 AE 0.04 mm (4.94-5.07) and the manual results were 5.88 AE 0.73 mm (4.88-6.83). The resistance of the capsular edge was also studied and, for the laser cases, the circumference stretching ratio was 2.13 AE 0.03 mm (n ¼ 10) and, for the CCC cases, it was 1.98 AE 0.08 mm (n ¼ 8). Frey et al. [16] also tested in porcine eyes, but instead of measuring the mm that took to rupture the edge, these authors tested the force necessary, showing that the capsulotomy edge was significantly stronger, compared with CCC, when a computer-controlled stepping motor was used. The mean force necessary to rupture the capsular edge was 177 AE 53 mN for the FSL cases (n ¼ 11) compared with 125 AE 43 mN for the CCC cases (n ¼ 11) (Fig. 1) . These results represent a more precise capsulotomy when the laser is used, besides the regularity that can be observed against a CCC, but the most important issue is the increased resistance of the laser-cut capsulotomy that may prevent tears or extensions of the capsulotomy edges and transoperative complications in human subjects. The studies concerning photodisruption in the nucleus have been published since 2005 by Krueger et al. [17] , based on ex-vivo porcine eyes and live rabbits, where intranuclear patterns were fired, the plasma bubbles disappeared shortly after 3 months in living animal eyes, there was no evidence of cataract formation or induced light scatter. Another series of data supporting the lack of cataractogenesis was also presented by Krueger et al. [18] when these authors reported the evolution of Rhesus monkeys treated to increase the lens flexibility to restore accommodation. No cataract was found in any animal after 2 years persisted without opacity. Histology in those specimens showed clean and well-defined photodisruption craters.
Clinical studies
One of the main issues in the clinical trials is the ability to obtain a very good image of the lens through a welldilated pupil. This is of extreme importance because the lens has to be visualized, specially the posterior capsule, so the placement of the treatment cannot damage or 54 Cataract surgery and lens implantation
Key points
The use of femtosecond laser on the lens can be very precise, repeatable and safe. Capsulotomy has been shown as safe, repeatable, and can be adjusted in diameter and the desired position.
The potential to use it in cataract surgery has been started in both animal and human studies, with promising results.
The most important part of a system is the ability to get a precise image of the anterior and posterior capsules, and treat cataracts of different degrees of opacification, without risking the posterior capsule. The graphic shows how the CCC capsules tolerate less stretching and less force, than the capsules where the capsulotomy was done using the laser. In most femtosecond laser (FSL) cases the displacement was larger of 7 mm. Courtesy of LensAR Inc.
break the posterior capsule. Two different systems have been reported by the companies involved in the research: optical coherence tomography, as referred by Nagy et al. [15 ] , or off-axis cameras that can generate an image clear and well defined of the lens, to place the laser treatments as demonstrated by Olmstead et al. [19] , who used a 780-nm slit laser that incided on the tested porcine and rabbit eyes at 308 with respect to the normal. This system showed to be able to place the photodisruption treatment patterns within 100 mm of the desired location within the lens. The real requirements for the imaging system should be wide field of view that allows visualization from cornea to posterior capsule (even in dense lenses: grades 4þ), enhanced contrast, a tomography based in visible light that allows accurately placement of laser pulses (Fig. 2) .
Yeilding et al. [20] studied the capsules obtained from surgery in one of the clinical sites, and compared the precision of CCC against the laser capsulotomy cases. The difference between the attempted diameter and the achieved one was 82 AE 110 mm for the laser capsules (n ¼ 11) and 445 AE 596 mm, and was statistically significant. The root mean square (RMS) deviation from a perfect circle was, for the laser group, 141 AE 104 mm and, for the CCC, 346 AE 99 mm, showing that the higher precision observed in the animal models was achieved in human patients. Nagy et al. [15 ] showed in the patients that were intervened with the FSL, that capsulotomies alone or combined with division of the nucleus in four quadrants did not show lesion of the posterior capsule or tears of the capsular aperture. The only finding in his series was slight corneal edema and þ cells in the anterior chamber. In all cases, 20/20 of corrected visual at distance was achieved after 1 month. In a series of 60 eyes treated with the FSL and 45 with conventional phacoemulsification as control, Edwards et al. [21 ] demonstrated that BCVA at 3 months was 0.05 AE 0.1 logMAR in the laser group, and 0.03 AE 0.05 logMAR in the control group, with normal pressure in both groups. In terms of the reduction of the phaco energy required during the procedure, Frey et al. [22] reported that a total of 38 laser-treated eyes and 18 conventional phaco procedure were included; aspiration and phaco when required were done using an Alcon Infiniti machine (Fort Worth, USA). For LOCSIII Grade 1 cataract, mean cumulative dispersive energy (CDE) was reduced by 26.4%, whereas for Grade 2 the reduction was 59.1%. The biggest reduction in the maximum energy required to remove the lens was 66.4% for LOC-SIII Grade 2 cataract (only 14.22 was required in laser cases vs. 42.35 required in phaco only) and the biggest reduction in the minimum energy required to remove the lens was 61.6% (only 0.94 in laser group vs. 2.45 in phaco only group) for LOCSIII Grade 3 cataract. Frey et al. concluded that a larger sample of higher grade cataracts is required to determine the optimum cutting algorithms to be used for the laser fragmentation. This shows how important a refined algorithm, if possible, will achieve the possibility to only aspirate the nucleus and the cortex, without using phaco power, which will be with precise capsulotomies, the most important changes induced by femtosecond technology in cataract surgery. How the nucleus is fragmented depends on the selected algorithm; they can be as simple as four quadrants, allowing the surgeon to chop all pieces; can be small cubes as it is used in LOCSIII Grade 1 and 2 (Fig. 3) ; or small spheres for harder nucleus (Fig. 4) .
Conclusion
The perspectives for the application of FSL technology in the lens can be considered the future for cataract surgery. The possibility to cut a perfect capsulotomy, with the desired diameter, just in the position that the surgeon wants, will favour advances in the field of special design IOLs, which so far may be restricted in their results because of decentrations or irregular pressure over them when there is a retraction of the capsular bag. On the other side, algorithms are improved every day, and the nuclear fragmentation in different shapes and sizes will not only make easier the aspiration only of the resulting fragments, but also safer. Some doubts arose in the beginning, such as: what to do first? The nucleus? Or, the capsulotomy? Experience has shown that the amount of plasma created during the capsulotomy, which moves to the posterior surface of the cornea, does not interfere with the disruption of the nuclear tissue, even though in an early paper Stachs et al. [22] mentioned the possible interference of the plasma generated in the first laser shots with the posterior sequence of shots in animal models.
The ability to create incisions at a precise depth and with a desired shape opens the road also to cataract incisions and limbal relaxing incisions (LRIs). Masket et al. [23 ] published a letter where he showed that the architecture of an FSL-made cataract incision in cadaver eyes could have a more efficient sealing than conventional clear cornea incisions, so imagine an eye where you plan the cataract incision, an LRI, the size of the capsulotomy you want, as well as the nuclear fragments in the size and shape you consider better according to the cataract characteristics. Do all this in a closed eye, in a minute and a half or two perhaps, and after you just open the incision, grab the capsule, take the nucleus away by aspiration only and insert the lens. Definitively FSL technology will become the anterior segment's most useful surgical device for the short future, especially if you consider that research with the technology is done nowadays to restore flexibility to the lens and accommodation in consequence [13] . 
